Distinct mechanisms involving cell shape and mechanical force are known to influence the rate and orientation of division in cultured cells. However, uncoupling the impact of shape and force in tissues remains challenging. Combining stretching of Xenopus tissue with mathematical methods of inferring relative mechanical stress, we find separate roles for cell shape and mechanical stress in orienting and cueing division. We demonstrate that division orientation is best predicted by an axis of cell shape defined by the position of tricellular junctions (TCJs), which align with local cell stress rather than tissue-level stress. The alignment of division to cell shape requires functional cadherin and the localization of the spindle orientation protein, LGN, to TCJs but is not sensitive to relative cell stress magnitude. In contrast, proliferation rate is more directly regulated by mechanical stress, being correlated with relative isotropic stress and decoupled from cell shape when myosin II is depleted.
In Brief Nestor-Bergmann et al. use whole-tissue stretching and mathematical modeling to dissect the roles of mechanical stress and cell shape in cell division. They show that division orientation in stretched tissue is regulated indirectly by changes in cell shape, while division rate is more directly regulated by mechanical stress.
SUMMARY
Distinct mechanisms involving cell shape and mechanical force are known to influence the rate and orientation of division in cultured cells. However, uncoupling the impact of shape and force in tissues remains challenging. Combining stretching of Xenopus tissue with mathematical methods of inferring relative mechanical stress, we find separate roles for cell shape and mechanical stress in orienting and cueing division. We demonstrate that division orientation is best predicted by an axis of cell shape defined by the position of tricellular junctions (TCJs), which align with local cell stress rather than tissue-level stress. The alignment of division to cell shape requires functional cadherin and the localization of the spindle orientation protein, LGN, to TCJs but is not sensitive to relative cell stress magnitude. In contrast, proliferation rate is more directly regulated by mechanical stress, being correlated with relative isotropic stress and decoupled from cell shape when myosin II is depleted.
INTRODUCTION
Cell division orientation and timing must be carefully regulated in order to shape tissues and determine cell fate, preventing defective embryonic development and diseases such as cancer (Mishra and Chan, 2014; Pease and Tirnauer, 2011; Quyn et al., 2010) . Recent work has shown that mechanical cues from the extracellular environment can influence cell division rate (Benham-Pyle et al., 2015; Streichan et al., 2014) and orientation (Campinho et al., 2013; Finegan et al., 2019; Legoff et al., 2013; Mao et al., 2011; Fink et al., 2011) . What remains unclear is whether dividing cells are directly sensing mechanical forces or are responding to changes in cell shape induced by these forces. This distinction is crucial because the molecular mechanisms involved in either shape or force sensing could be very different (Luo et al., 2013; Nestor-Bergmann et al., 2014) .
Several mechanisms of division orientation control have been postulated in single cells, with evidence for both shape and stress sensing (Fink et al., 2011; Minc et al., 2011; Minc and Piel, 2012; Thé ry et al., 2006) . There is limited understanding of how these models could apply to tissues, where cells are linked together by adhesions and it is far more difficult to exclusively manipulate either cell shape or mechanical stress. Recent evidence for a shape-sensing mechanism was found in the Drosophila pupal notum. The spindle orientation protein Mud (Drosophila ortholog of NuMA) localizes at tricellular junctions (TCJs), recruiting force generators to orient astral microtubules in rounding mitotic cells (Bosveld et al., 2016) . However, this mechanism has yet to be demonstrated in another system or related to mechanical stress. In contrast, recent work in a stretched monolayer of MDCK cells has indicated that division orientation may be mediated by a tension-sensing mechanism requiring E-cadherin, although an additional role for cell shape sensing could not be excluded (Hart et al., 2017) . Indeed, divisions in MDCK cells have also been found to align better with cell shape than a global stretch axis, though local cell stress was not known in this case (Wyatt et al., 2015) .
Separating the roles of shape and stress in tissues will inevitably require an understanding of how force is distributed through heterogeneous cell layers. Experimental methods of assessing stress include laser ablation, atomic force microscopy, and micro-aspiration (Campinho et al., 2013; Davidson et al., 2009; Hoh and Schoenenberger, 1994; Hutson et al., 2003) . While informative, these techniques are invasive, perturbing the stress field through the measurement, and usually require constitutive modeling for the measurement to be interpreted (Stooke-Vaughan et al., 2017; Sugimura et al., 2016) . However, mathematical modeling combined with high-quality fluorescence imaging now provides the possibility of noninvasively inferring mechanical stress in tissues (Brodland et al., 2014; Chiou et al., 2012; Feroze et al., 2015; Ishihara and Sugimura, 2012; Nestor-Bergmann et al., 2018a; Xu et al., 2015) .
In this work, we apply a reproducible strain to embryonic Xenopus laevis tissue to investigate the roles of shape and stress in cell division in a multi-layered tissue. We particularly focus on mathematically characterizing local (cell-level) and global (tissue-level) stress and the relation to cell shape and division. Our data suggest that mechanical stress is not directly sensed for orienting the mitotic spindle, acting only to deform cell shape, but is more actively read as a cue for mitosis. 
RESULTS

Application of Tensile Force to a Multi-layered Embryonic Tissue
To investigate the relationship among force, cell shape, and cell division in a complex tissue, we developed a system to apply reproducible mechanical strain to a multi-layered embryonic tissue. Animal cap tissue was dissected from stage 10 Xenopus laevis embryos and cultured on a fibronectincoated elastomeric poly-di-methyl-siloxane (PDMS) substrate ( Figure 1A) . A uniaxial stretch was applied to the PDMS substrate using an automated stretch device ( Figure 1A ) and imaged using standard microscopy. The three-dimensional structure of the stretched tissue (assessed using 3View EM) could be seen to comprise approximately three cell layers ( Figure 1B ), as would be expected in a stage 10 Xenopus laevis embryo (Keller, 1980; Keller and Schoenwolf, 1977) , therefore maintaining the multi-layered tissue structure present in vivo. (B) Circularities of 2,035 cells from unstretched experiments, with shape characterized by area, perimeter, and junctions plotted in red, blue, and yellow respectively. Cells have been ordered in descending order of perimeter-based circularity (C P ), with the corresponding values of C A and C J plotted alongside.
(C) Rose plot of difference between division angle, q D , and orientation of shape on the basis of perimeter (blue; q shape = q P ) and junctions (yellow; q shape = q J ), for cells that satisfy jq P À q J j R15 .
(D) Rose plot of difference between division angle, q D , and orientation of shape on the basis of area (red; q shape = q A ) and junctions (yellow; q shape = q J ), for cells that satisfy jq A À q J j R15 .
(E) Examples of elongated (top) and round (bottom) cells where division angle (black arrows) is well predicted by the principal axis of shape defined by area (yellow arrows).
(F) Rose plot of difference between division angle, q D , and orientation of shape on the basis of perimeter (blue; q shape = q P ) and junctions (yellow; q shape = q J ), for round cells that satisfy C A > 0.65.
(legend continued on next page)
Stretching Elongates Cell Shape and Reorients Divisions A 35% stretch of the PDMS substrate led to a 19.67 ± 1.91% (95% confidence interval) elongation of the most apical cells in the animal cap (also known as the superficial layer) along the stretch axis (measured change in length of one-dimensional lines drawn on opposite sides of the animal cap; displacement field shown in Figure 1C ). The difference in elongation between the substrate and apical cells is presumably a result of the mechanical stress being dissipated through multiple cell layers. The qualitative change in cell shape was not as substantial as was previously observed in stretched monolayers (Wyatt et al., 2015) ( Figure 1D ). We mathematically characterized shape using two parameters: orientation of the principal axis of cell shape relative to the stretch axis (0 ), q A , and cell circularity, C A (derived in Section 1.4 of Methods S1 in the Supplemental Information). C A describes the degree of elongation of a cell (ranging from 0 being a straight line to 1 being a perfect circle), and q A indicates the principal direction in which this occurs. Stretching oriented the majority of cells with the direction of stretch ( Figure 1E ) and caused a highly reproducible elongation of cell shape ( Figure 1F ). However, when the substrate was held fixed following stretch, cell elongation reduced over time and returned close to the unstretched shape profile after 90 min (95% confidence intervals of stretched animal caps at t = 90 min overlap with unstretched caps; Figure 1F ). Therefore, cells in this tissue adapt to the elongation caused by stretching and do not behave like a purely elastic material.
In unstretched tissue, division orientation, q D , was not significantly different from a uniform distribution (p = 0.36, Kolmogorov-Smirnov test; Figure 1G ). In contrast, divisions in the stretched tissue were significantly oriented along the axis of stretch, (p < 1.43 3 10 À9 , Kolmogorov-Smirnov test; Figure 1G ), with 52% of divisions oriented within 30 of the stretch axis (compared with 36% in unstretched).
Shape-Based Models of Division Differ Significantly Depending on the Cellular Characteristics Used to Define Shape A shape-based ''long-axis'' division rule may explain why stretching reorients divisions. However, the precise molecular mechanism behind shape-based models remains unclear and may vary across cell type and tissue context (Campinho et al., 2013; Fink et al., 2011; Minc et al., 2011 ). Past models have used different characteristics to determine the shape of a cell, usually selecting one of the following: cell area, cell perimeter, and TCJ (which we define here as the meeting point of three or more cells). Although often used interchangeably, these shape characteristics model different biological functions. We investigated their differences and determined if one characteristic predicts division orientation better than the others.
We modeled cell shape by area, perimeter, and TCJs to derive three respective measures of cell shape orientation, q A , q P , and q J , and circularity, C A , C P , and C J (Methods S1, Section 1). Cells tend to have C P > C A > C J (i.e., shape generally appears less anisotropic using the perimeter-based measure). C A and C P (and correspondingly q A and q P ) are reasonably well correlated, whereas C J (and q J ) tends to coincide less well with the others (Figures 2A, 2B , and S1A). Thus a cell that appears round by area and perimeter can have clear elongation as measured by TCJs. This is intuitive for rounding mitotic cells, where TCJs can be distributed non-uniformly around the circular periphery (Bosveld et al., 2016) . However, it is surprising that this can also be the case in cells with relatively straight edges ( Figure 2A 00 ; note how q J [yellow line] differs from q A and q P [blue and red lines] in the central dark green cells). Notably, cells in the Xenopus animal cap do not undergo the dramatic mitotic cell rounding seen in some other systems (Bosveld et al., 2016) (Figures S1B and S1C) .
TCJ Placement Is a Better Predictor of Division
Orientation Than Cell Area, Cell Perimeter, or Microtubule Length Given that q A , q P , and q J are often highly correlated, division orientation is generally well predicted by all three. We therefore focused on cases in which the orientations of shape differed by at least 15
. In a pooled sample of 600 cells from stretched and unstretched tissue, only 7 cells were found to have jq A À q P j R15
. Fifty-eight cells satisfied jq A À q J j R15 , and 60 satisfied jq P À q J j R15 . In the latter two cases, q J was a significantly better predictor of division angle than random (p < 0.0162 when jq A À q J j R15 and p < 0.0042 when
, Mann-Whitney U test), but q A and q P were not (Figures 2C and 2D) . Furthermore, C A , C P , and C J were all significantly higher in these subpopulations (Figures S1D and S1E; 95% confidence intervals do not overlap), indicating that these cells are rounder yet can still effectively orient their spindles in line with their TCJs. This result is strengthened considering that TCJs provide fewer data points than area or perimeter, so junctional data may be more susceptible to geometric error than area and perimeter. For all of our data comparing cell shape with division orientation, we use shape determined just prior to nuclear envelope breakdown (NEB), avoiding any possible shape changes due to mitosis (e.g., cell rounding on entry into mitosis or elongation at anaphase). However, to test whether the fidelity of division alignment to TCJ shape changes depending on when shape is measured, we compared jq D À q J j at time points through mitosis, finding no significant difference (Figure S1F) . It is important to note that we do not see significant cell rounding in the Xenopus animal cap upon entry into mitosis ( Figure S1C ), so static fidelity is likely a reflection of relatively static cell shape in this system, a feature which helps simplify our analysis. In unstretched tissue, cells that we classed as ''rounded'' (C A > 0.65; Figure 2E ) showed no significant correlation between q A and q D or q P and q D , as could be expected from previous work (Minc et al., 2011) . However, q J was significantly aligned with division angle in these round cells compared with random (p = 0.025, Mann-Whitney U test) (Figures 2F and 2G) . This degree of sensitivity is striking and further demonstrates that TCJ sensing could function effectively in round cells, which may have previously been thought to divide at random. Our analysis is based purely on predictions arising from the data and thereby has the advantage of being independent of unknown model parameters and assumptions. However, to test how our division predictions compare with previous models of division orientation, we turned to a well-known shape-based model of division in isolated cells (Minc et al., 2011) . The ''Minc'' model hypothesizes that astral microtubules exert length-dependent pulling forces on the spindle, thereby exerting a torque and rotating the spindle, with division predicted to occur along the axis of minimum torque. In this shape-based model, the shape of the cell determines the distribution of torque on the spindle and thereby the division axis (see Methods S1 for further details of this model and its implementation). As with our purely geometric measures of shape, we found that the Minc model predicts division orientation significantly better than a random distribution ( Figure 2H ; p < 4.1 3 10 À40 for TCJs and p < 1.2 3 10 À39 ,
Mann-Whitney U test). However, for cells where the predicted division axes according to TCJs (q J ) and the Minc model (q Minc ) differed by more than 15 , TCJs (q J ) provided a prediction of division angle that was significantly better than random (p < 0.028, Mann-Whitney U test), whereas division predicted by microtubule pulling forces (q Minc ) did not (Figures 2I and 2J) , indicating that TCJs provide a better prediction of division orientation. This result held for multiple scaling laws between microtubule length and force (Figures S1G and S1H).
Local Cell Shape Aligns with Local Stress and Predicts Division Orientation Better Than Global Stretch and Stress
Contrary to observations in monolayers (Hart et al., 2017) , we found that cells in stretched tissue divide according to cell shape both when q J is oriented with ( Figure 3A ) and against ( Figures 3B  and 3C ) the direction of stretch. Moreover, in the case of cells that are relatively round in shape (C J > 0.65), there is no preference for aligning with the global stretch direction, and indeed alignment with TCJ shape still appears more accurate than with the stretch axis (Figures S2A and S2B; p < 0.005 for TCJs, not significant for stretch direction, Mann-Whitney U test). These data indicate that global stretch direction is a poor predictor of division angle compared with cell shape. However, little is known about the local stress distribution around individual cells in a tissue subjected to a stretch, which may not coincide with global stress in such a geometrically heterogeneous material.
We extended a popular vertex-based model to mathematically characterize cell stress (Brodland et al., 2014; Chiou et al., 2012; Ishihara and Sugimura, 2012; Nestor-Bergmann et al., 2018a , 2018b . Predicted orientations of forces from the model have been found to be in accordance with laser ablation experiments (Farhadifar et al., 2007; Landsberg et al., 2009) , indicating that the model can provide a physically relevant description of cellular stresses. Our methodology allows relative cell stress to be inferred solely from the positions of cell vertices, without invasively altering the mechanical environment (Methods S1, Section 2). The model predicts that the orientation of cell shape based on TCJs, q J , aligns exactly with the principal axis of local stress (Nestor-Bergmann et al., 2018a) ( Figure 3D ). We demonstrated this computationally in stretched tissue by simulating a uniaxial stretch ( Figures 3E  and 3F ). Following stretch, we see that local cell stress remains aligned with q J , rather than the global stress along the x axis. Much previous work assumes that the local axis of stress coincides with the global stress. Significantly, the model predicts that a stress-sensing mechanism would align divisions in the same direction as a shape-based mechanism (as in Figure 3B ).
The Magnitude of Cell Stress Does Not Correlate with the Alignment of Division Angle and TCJ Positioning
If a stress-sensing mechanism were contributing to orienting division, we hypothesized that cells under higher net tension or compression might orient division more accurately with the principal axis of stress (q J Þ. We infer relative tension and compression using the isotropic component of stress, effective pressure ðP eff Þ (Nestor-Bergmann et al., 2018a):
whereÃ is cell area,L is perimeter,Ã 0 is the preferred area, and ðL; GÞ are model parameters, defined in Section 2 of Methods S1 and inferred from data (Video S1) (Nestor-Bergmann et al., 2018a) . Cells under net tension have P eff > 0, whereas P eff < 0 indicates net compression. We provide a mathematical method for estimatingÃ 0 in Section 3 of Methods S1. A representative segmentation, showing cells predicted to be under net tension and compression, from an unstretched experiment is given in Figure 3G . Interestingly, we found no correlation between the value of P eff (relative isotropic stress) and the alignment of division orientation to q J ðjq D À q J j Þ ( Figure S2C ). The mechanical state of a cell may also be characterized by shear stress, x (defined as the eigenvalue of the deviatoric component of the stress tensor; see Section 2 of Methods S1). Larger values of jx j indicate increased cellular shear stress. Again, we found no correlation between x and the alignment of division to q J ( Figure S2D ).
Despite the lack of correlation with stress magnitude, cell shape anisotropy, measured by C J , correlates significantly with jq D À q J j (p < 3.04 3 10 À10 , Spearman rank correlation coefficient; Figure 3H ), with elongated cells having q D aligned with q J significantly better than round cells (p < 1.64 3 10 À8 ; Figure 3I ).
Cadherin Is Required for Positioning the Mitotic Spindle Relative to Cell Shape
Immunofluorescence staining of b-catenin confirmed that adherens junctions were distributed along the apical cell cortex but particularly concentrated at the meeting points of three or more cells ( Figure 4A ). To test a functional requirement for adherens junctions in orienting the spindle, we focused on maternal C-cadherin (cadherin 3), which is expressed at the highest level in stage 10 and 11 Xenopus embryos (Heasman et al., 1994; Lee and Gumbiner, 1995) . We used two constructs to manipulate C-cadherin in the tissue: C-cadherin FL -6xmyc (CdhFL; fulllength C-cadherin with 6xmyc tags at the intracellular C terminus) and C-cadherin DC -6xmyc (CdhDC; C-cadherin with extracellular and transmembrane domains but lacking the Figure S3 .
cytosolic domain) ( Figure 4B ) . CdhFL-and CdhDC-injected embryos developed normally up to stage 10 or 11 ( Figure S3A ), but the majority of embryos failed to complete gastrulation (Lee and Gumbiner, 1995 , and data not shown). We observed no change in the cumulative distribution of cell circularities in CdhFL-and CdhDC-injected tissues compared with control tissue ( Figure S3B ). We also saw no difference in the rate of cell divisions (data not shown).
CdhDC-injected tissue was elongated by application of stretch ( Figure S3C ) but showed a worse alignment of divisions to stretch direction compared to uninjected control and CdhFL-injected tissue ( Figure 4C ; p < 0.0162 for CdhDC less than CdhFL, Mann-Whitney U test). Moreover, unstretched CdhDC-injected tissue showed a significant decrease in the alignment of division angle to q J compared with uninjected controls ( Figure 4D ; p < 0.016, Kolmogorov-Smirnov test on distributions differing), though both were significantly different to random (control, p < 3.6 3 10 À11 ; CdhDC, p < 4.3 3 10
À11
; Kolmogorov Smirnov test). To further investigate a requirement for adherens junctions in division orientation, we overexpressed C-cadherin in the cell cortex by injecting CdhFL. Focusing on cells that satisfied jq P À q J j R15
, we found the striking result that division orientation was now significantly well predicted by cell perimeter but no longer by TCJs ( Figure 4E ; p < 0.0027 for alignment q D to q P but not significant for q D to q J , Mann-Whitney U test). Therefore, overexpression of CdhFL was sufficient to switch division orientation from alignment with TCJs to alignment with the shape of the entire cortex.
To investigate the mechanism behind the observed switch in division orientation, we explored how overexpression of CdhFL alters the localization of spindle orientation machinery at the cell cortex. We found that overexpression of CdhFL led to a loss of the ''hotspots'' of b-catenin localization at TCJs seen in control tissue, in both interphase and mitotic cells ( Figures 4A  and S3D ). When CdhFL is overexpressed, b-catenin is more equally spread around the entire apical perimeter of the cell (Figures 4A, S3D , and S3E). The ''hotspots'' of b-catenin localization in controls are not purely a result of more cells' contributing to this focal point but are also seen when fluorescence intensity is measured in single b-catenin-GFP-expressing cells in the animal cap ( Figures S3D and S3E ). To determine how this observed change in adherens junction localization might alter spindle orientation, we investigated how the localization of the spindle orientation protein, LGN, was altered by overexpression of CdhFL. Mosaic expression of GFP-LGN allowed us to analyze at the single cell level in stretched and unstretched animal caps. In control tissue, LGN, like b-catenin, shows a more concentrated localization at TCJs (Figures 4F and 4G ). We observed no significant difference in LGN localization between unstretched and stretched tissue (data not shown). However, we saw a loss of concentrated ''hotspots'' of LGN localization when CdhFL is overexpressed, with LGN instead spread more equally around the whole perimeter ( Figures 4F and 4G ). We therefore suggest that overexpression of CdhFL switches division orientation from alignment with TCJs to alignment with the shape of the whole cortex by altering the localization of LGN.
Cell Division Rate Is Temporarily Increased following Change in Global Stress
Stretch elicited a reproducible and significant increase in cell division rate, with 6.47 ± 1.12% of cells dividing per hour in the stretched tissue compared with 3.22 ± 0.55% in unstretched tissue ( Figure 5A ; 95% confidence intervals do not overlap), as reported for cultured cells and monolayers (Fink et al., 2011; Streichan et al., 2014; Wyatt et al., 2015) . We roughly classify two distinct periods of division after stretch; there is an initial period of high proliferation (8.1% of cells undergoing division per hour; Figure 5B ), which drops, after 40-60 min, to near unstretched control levels (4.2% of cells undergoing division per hour). Stretching increases apical tissue area by 6 ± 2.69% (95% confidence interval) and is predicted to increase global stress by increasing individual values of P eff . We sought to determine whether the increase in division rate is a response to these changes.
In both stretched and unstretched experiments, dividing cells had a larger area than the population, being about 22.7% and 25.7% larger on average respectively ( Figure 5C ). Similarly, the mean perimeter was significantly larger in the dividing cells by about 14.1% in unstretched and 13.8% in stretched ( Figure 5D ). However, there was no significant difference in the level of cell elongation in dividing cells ( Figure S2E ). Crucially, we found that dividing cells were more likely to be under predicted net tension than compression ( Figure 5E , more cells in red region). However, P eff is correlated with cell area (though the two are not always equivalent), so a further perturbation was required to separate their effects.
Loss of Myosin II Reduces Cell Contractility
We perturbed the mechanical properties of the tissue with targeted knockdown of non-muscle myosin II using a previously published morpholino (Skoglund et al., 2008) . As expected, myosin II knockdown disrupted cytokinesis, seen by the formation of ''butterfly''-shaped nuclei, where daughter cells had not fully separated ( Figures 6A and 6B) . However, division rate and orientation could still be assessed using the same methods described for control tissue. Myosin II is known to generate contractility within a tissue (Clark et al., 2014; Effler et al., 2006; Gutzman et al., 2015) . Accordingly, we found evidence for reduced contractility in the myosin II morpholino (MO) tissue by observing that cells were much slower at adapting to stretch, remaining elongated for longer (compare Figure 6C with Figure 1F ).
Myosin II Is Required for Mitotic Entry in Unstretched Tissue
Somewhat surprisingly, considering suggestions that myosin II may play a stress-sensing role in orienting the spindle (Campinho et al., 2013) , we found that alignment of division angle to stretch and q J was unaffected in global myosin II knockdown experiments ( Figures 6D and 6E ). In contrast, proliferation rate was significantly affected, with divisions virtually ceasing in unstretched myosin II MO tissue. Strikingly, stretching the myosin II MO tissue increased the division rate to significantly higher levels ( Figure 6F ). Thus myosin II is required to cue cells into division in the unstretched tissue, but this can be partially overridden by applying an external loading. Unlike in control experiments, dividing cells in myosin II knockdown stretch experiments were not significantly larger than the population in area ( Figure 6G ) or perimeter ( Figure 6H ), so cell area has been uncoupled as a cue to divide in the myosin II knockdowns. This finding, along with our observation that dividing cells were more likely to be under relative net tension than relative compression ( Figure 5E ), indicates that in a tissue the cue to divide, in contrast to division orientation, is directly sensitive to mechanical force.
DISCUSSION
Previous models of cell division have demonstrated that specific features of cell shape, such as the cell cortex or TCJs, may be important in orienting the spindle (Bosveld et al., 2016; Hertwig, 1893; Luxenburg et al., 2011; Minc et al., 2011) . We have presented a framework for characterizing cell shape in terms of its area, perimeter or TCJs (Methods S1). We find that the principal axis of shape defined by TCJs is the best predictor of division angle, better than cell shape as determined by area, perimeter, or a previous shape-sensing model based on microtubule length (Minc et al., 2011) . Moreover, the principal axis of shape defined by TCJs aligns exactly with the principal axis of local stress (Nestor-Bergmann et al., 2018a), providing a non-invasive way to infer mechanical stress in individual cells in the epithelium. However, division angle is not better predicted in cells with higher or lower relative isotropic or shear stress, suggesting that cell-level mechanical stress is not a direct cue to orient the spindle. Our findings share similarities with observations in the Drosophila pupal notum, where TCJs have been hypothesized to localize force generators to orient the spindle (Bosveld et al., 2016) . Notably, however, Xenopus animal cap cells do not undergo the dramatic mitotic rounding exhibited by cells in the notum.
Cell-cell adhesion has been linked to spindle orientation in MDCK cells, where E-cadherin instructs LGN/NuMA assembly at cell-cell contacts to orient divisions . E-cadherin polarizes along a stretch axis, reorienting divisions along this axis rather than according to cell shape (Hart et al., 2017) . In accordance, we find division is less well predicted by shape in embryos injected with C-cadherin DC -6xmyc, lacking the cytosolic domain. Interestingly, overexpression of C-cadherin around the entire cell cortex leads to a switch in division orientation, from TCJs to division best predicted by a perimeter-based shape axis. As b-catenin is increased around the cell cortex when C-cadherin is overexpressed, we hypothesized that this may lead to altered recruitment of spindle orientation proteins, such as LGN and NuMA . Indeed, we find that although LGN is normally most highly localized to TCJs, overexpression of C-cadherin leads to a loss of these ''hotspots'' and instead a more even spread of LGN around the entire cell perimeter. We suggest that in the wild-type situation, the hotspots of LGN localization at TCJs will recruit more NuMA and dynein providing localized force generation to orient the spindle according to TCJ shape, although this will need to be verified by further experimental work. Importantly, when C-cadherin is overexpressed, and the LGN hotspots are no longer present, we suggest that a perimeter-based shape sensing mechanism similar to that proposed by Minc et al. (2011) predominates. Furthermore, our results indicate that both shape-sensing mechanisms could be working in parallel in many cell shapes, where TCJ and perimeter shape are similar (as is most likely in more elongated cells), but that TCJ shape is most important in rounder cells (where perimeter and TCJ predictions of shape differ most greatly). Our TCJ-based system of spindle orientation is similar to the Mud-dependent TCJsensing mechanism in the Drosophila pupal notum (Bosveld et al., 2016) . However, it is important to note a key difference: NuMA, the vertebrate homolog of Drosophila Mud, localizes to the nucleus during interphase, only localizing to the cortex after NEB (Bowman et al., 2006; Kiyomitsu and Cheeseman, 2012; Seldin et al., 2013; Gloerich et al., 2017) . Of future interest will be to determine in vertebrate tissue how the TCJ localization of LGN influences the highly dynamic recruitment of NuMA. Indeed, recent work in MDCK cells has shown that on mitotic entry, when NuMA is released from the nucleus, it competes LGN away from E-cadherin at the cortex to locally form the LGN/NuMA complex ; it will be important to determine if this is happening specifically at TCJs.
Stretching increases proliferation rate, which correlates with cell area, perimeter, and effective pressure. We see almost no proliferation in unstretched myosin II MO experiments, although, rather strikingly, the division rate is significantly increased following stretch. Dividing myosin II MO cells are not significantly larger in area or perimeter than the population as a whole, indicating that cell area has been decoupled as a division cue. Considering the established role of myosin II as a force generator (Clark et al., 2014; Gutzman et al., 2015; Vicente-Manzanares et al., 2009) , it is possible that the myosin II MO cells cannot generate enough internal contractility in neighboring cells to engage the mechanical cues required for mitotic entry. Myosin II has also been shown to function in stress-sensing pathways (Hirata et al., 2015; Priya et al., 2015) , which may explain why the proliferation rate in stretched myosin II MO cells does not reach the levels of stretched controls. Contrary to findings in other systems (Campinho et al., 2013) , a global loss of myosin II does not alter division orientation relative to cell shape. However, future work should look to explore whether anisotropic biases in junctional myosin II affect division orientation, as was recently seen in the Drosophila germband (Scarpa et al., 2018) .
In conclusion, we have combined whole-tissue stretching with a biomechanical model to propose separate roles for cell shape and mechanical stress in orienting the spindle and cueing mitosis. The mechanism involved in orienting the mitotic spindle does not appear to sense relative cell stress directly. Instead, division is best predicted by an axis of shape defined by TCJs and is dependent on functional cadherin and the recruitment of LGN.
In contrast to this shape-based mechanism, we find that cells may directly sense mechanical stress as a cue for mitotic entry, in a myosin II-dependent manner.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sarah Woolner (sarah.woolner@manchester.ac.uk).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Xenopus laevis
Female pigmented and albino Xenopus laevis were housed within tanks maintained by the in-house animal facility at the University of Manchester. These females were used for embryo collection only. Frogs were pre-primed 4-7 days in advance of egg collection with 50 U of pregnant mare serum gonadotrophin (Intervet UK) and then primed with 500 U of human chorionic gonadotrophin (Intervet UK) 18 hours before use. Primed frogs were maintained in individual tanks containing Marc's modified Ringer's (MMR; 100mM NaCl, 2mM KCl, 1mM MgCl2, and 5mM HEPES, pH7.4). In vitro fertilization was performed by swirling mashed testis through the eggs within a Petri dish. Male frogs were only used for testis extraction (in which males were euthanized by injection of MS222 (Tricaine) into the dorsal lymph sac to induce terminal anesthesia). All Xenopus work was performed using protocols approved by the UK Government Home Office and covered by Home Office Project License PFDA14F2D (License Holder: Professor Enrique Amaya) and Home Office Personal Licenses held by Sarah Woolner, Georgina Stooke-Vaughan and Georgina Goddard.
METHOD DETAILS
Xenopus laevis embryos and microinjection Xenopus laevis embryos were obtained and injected as described previously (Woolner and Papalopulu, 2012) . RNA was synthesized as described previously (Sokac et al., 2003) and microinjected at the following needle concentrations: 0.5 mg/ml GFP-a-tubulin; 0.1 mg/ml cherry-histone2B ; 0.125 mg/ml cadherin 3a full length:6x myc-tag; 0.125 mg/ml cadherin 3a deleted cytosolic domain:6x myc-tag . For mosaic expression of b-catenin-GFP (Addgene plasmid #16839, Randall Moon) and GFP-LGN (sub-cloned into pCS2+ from Addgene plasmid #37360, Iain Cheeseman), RNA was injected into a single cell at the 4-cell stage at 0.25 mg/ml (needle concentration). Morpholinos prepared as 1mM stocks (diluted in water) were heated at 65 C for 5 minutes and microinjected at a needle concentration of 1mM and needle volume of 2.5nl into all cells of four-cell stage embryos. The MOs used were MHC-B (Myosin Heavy Chain-B, myosin II) MO (5 0 -CTTCCTGCCCTGGTCTCTGTGACAT-3 0 ; (Skoglund et al., 2008) and standard control MO (5 0 -CCTCTTACCTCAGTTACAATTTATA-3 0 ; Gene Tools LLC). All embryos were incubated at 16 C for approximately 20 hours prior to animal cap dissection.
Animal cap dissection and culture Animal cap tissue was dissected from the embryo at stage 10 of development (early gastrula stage) following a previously described protocol (Joshi and Davidson, 2010) , and cultured in Danilchik's for Amy explant culture media (DFA; 53mM NaCl 2 , 5mM Na 2 CO 3 , 4.5mM Potassium gluconate, 32mM Sodium gluconate, 1mM CaCl 2 , 1mM MgSO 4 ) on a 20mm 3 20mm elastomeric PDMS (Sylgard 184, SLS) membrane made in a custom mold and coated with fibronectin (fibronectin from bovine plasma, Merck). Explants were held in place by a coverslip fragment. Each membrane was then incubated at 18 C for at least 2 hours prior to imaging.
Animal cap stretch manipulation and imaging Each PDMS membrane was attached to a stretch apparatus (custom made by Deben UK Limited) fixed securely to the stage of a Leica TCS SP5 AOBS upright confocal and a 0.5mm (to remove sag on the membrane) or 8.6mm uniaxial stretch was applied for unstretched and stretched samples respectively. Images were collected on a Leica TCS SP5 AOBS upright confocal using a 20x/0.50 HCX Apo U-V-I (W (Dipping Lens)) objective and 2x confocal zoom. The distance between optical sections was maintained at 5 mm and the time interval between each frame was 20 s, with each sample being imaged for up to 2.5 hours. For quantification of b-catenin-GFP and GFP-LGN localization, animal caps were prepared as described but timelapse movies were collected with 2mm
Data analysis
The data analysis and plotting was carried out using in-house Python scripts. Statistical tests were performed using the SciPy library ) and Prism 7 (GraphPad Software, Inc). Mann-Whitney U tests were used to assess if rose histograms were distributed closer to zero. Kolmogorov-Smirnov tests were used to assess if two distributions were significantly different. Otherwise, bootstrapping with 95% confidence intervals, which allow the precision of the estimate to be seen (Nakagawa and Cuthill, 2007) , were used to assess significance. All statistical analysis is shown within the main text and corresponding figure legends.
DATA AND SOFTWARE AVAILABILITY
Implementation of the microtubule division model can be downloaded from https://github.com/Alexander-Nestor-Bergmann/ Minc_division_model. All other data processing scripts and implementation of the vertex-based model are available upon request.
